Despite consensus guidelines for right heart catheterization (RHC) in the diagnosis of pulmonary arterial hypertension (PAH), considerable differences exist in the performance of RHC, interpretation of hemodynamic data, and frequency of RHC performance in patients with established disease. These differences may lead to variability in diagnosis or treatment of PAH. We sought to gather information on the standard practice of RHC for the diagnosis and management of PAH from experienced pulmonary vascular disease specialists. We developed a semiquantitative online survey of diagnosis and treatment patterns of pulmonary hypertension and distributed it to physicians at pulmonary hypertension centers in the United States. Thirty of 50 physicians completed the survey: 20 pulmonologists and 10 cardiologists, all of whom reported treating >100 patients with PAH in the past year. All respondents perform RHC in ≥90% of patients with suspected PAH. All physicians determine the pulmonary wedge pressure at end expiration; however, only half of respondents personally review tracings. Physicians differed in frequency of vasodilator testing (8 of 24 performed testing in >90% of patients with PAH), fluid challenge and exercise (19 of 30 performed testing in <25% of patients with PAH for both). Most physicians (70%) report repeating RHC between 6 months and 1 year after PAH treatment initiation. Variability exists in the interpretation of hemodynamic tracings and performance of vasodilator, fluid, and exercise challenges in the management of PAH by experienced physicians in the United States. Additional consensus guidelines delineating appropriate adjunctive testing to standardize the diagnosis of PAH are needed.
INTRODUCTION
Right heart catheterization (RHC) is the gold-standard procedure for the diagnosis and classification of pulmonary hypertension (PH). 1, 2 RHC is necessary to diagnose pulmonary arterial hypertension (PAH) and is recommended for all patients suspected of having PAH before the initiation of any PAH-specific therapy. Consensus guidelines state that RHC should include measurement of pulmonary artery pressure, pulmonary wedge pressure, cardiac output, and oxygen saturations in the central veins, cardiac chambers, and pulmonary artery; calculation of pulmonary vascular resistance; and performance of vasodilator testing in patients with PAH to accurately diagnose and categorize PH and to guide therapy ( Table 1 ). 1 Evidence is lacking for some specialized tests commonly performed during right heart catheterization (e.g., exercise testing and fluid challenge), and although consensus recommendations exist, 1 adherence to these recommendations and application of these tests in clinical practice is unknown. In addition, differences in measurement and assessment of certain variables during right heart catheterization (e.g., measurement of pulmonary wedge pressure at end-exhalation versus the electronic mean) between centers can create heterogeneity in hemodynamic assessment and thus in final diagnosis of PH. Furthermore, no practice guidelines exist to delineate the best practice for repeating hemodynamic assessment in routine PH surveillance or after change in clinical status or therapy for PH. A standardized, rigorous approach to RHC is important for multicenter clinical trials and PH registries.
Our objective was to gather information on the standard practice of RHC for the diagnosis and management of PAH from experienced pulmonary vascular disease spe-cialists in the United States. We hypothesized that significant variability in standard practice of right heart catheterization would exist among expert physicians.
METHODS

Survey instrument and study population
We developed a semiquantitative online survey instrument with 82 questions designed to collect information about practice patterns in the diagnosis, treatment, and management of patients with PAH. The survey was developed and data were collected and managed using REDCap, a secure, web-based application designed to support data capture for research studies. 3 The survey was designed for physicians experienced in the treatment of adults with pulmonary vascular disease, and respondents were asked how RHC was performed at their center; specific hemodynamic variables used to make the diagnosis of PAH; methods for provocative testing during right heart catheterization with vasodilators, fluid challenge, and exercise testing; and how frequently repeat RHC was performed to assess response to therapy in PAH. The survey contained additional questions not included in these results, and the full contents of the survey are found in the Supplemental Material, available online. The survey instrument and study design were approved by Vanderbilt University's institutional review board (protocol 110492) before survey distribution.
The web-based survey was sent via e-mail to 50 physicians who specialize in the treatment of adults with PAH in the United States. We identified eligible physicians as those listed at centers participating in a large observational US registry. 4 Only one physician per treatment center was included.
Survey mechanics
A link to the survey was sent via e-mail to 50 specialists treating PAH on July 6, 2011. A reminder e-mail was sent to physicians who had not yet completed the survey 1 month later. Informed consent was waived, because we did not collect identifying information. Physicians were required to answer a question that acknowledged their participation in this research study (survey question 1, Supplemental Material, available online). Respondents did not have to answer all questions to submit the survey. For several questions, respondents were able to select multiple answers as applicable to their practice.
Data analysis
Survey data were collected in REDCap and exported into SPSS, version 19 (IBM, Armonk, NY). Surveys with less than 75% of questions completed were not included in the final analysis. Response rate was calculated by dividing the number of unique completed surveys by the number of e-mail addresses on the participant list (n ¼ 50). Results are reported as number (%) unless otherwise noted.
RESULTS
General characteristics
Thirty surveys meeting our criteria for inclusion were returned, representing a 60% response rate. Two-thirds of responding physicians were pulmonologists, one-third were cardiologists, and the respondents had a mean of 16.5 years (range, 6-30 years) experience treating PAH. All responding physicians reported at least 100 patients at their center receiving PAH-specific therapies, with 12 respondents reporting 250-500 patients and 5 reporting more than 500 patients. Twenty-three centers (77%) had more than 50 patients receiving continuous prostaglandin therapy.
Hemodynamic assessment
At centers surveyed, nearly all patients undergo hemodynamic assessment with right heart catheterization before initiation of PAH-specific therapy: 90%-99% of patients (n ¼ 10, 33%) or 100% of patients (n ¼ 20, 67%). RHC is performed by the respondent or a colleague (70%) or a select group of experienced cardiologists (53%), with only 50% of respondents independently reviewing hemodynamic tracings (multiple answers accepted). All respon- dents indicated that pulmonary wedge pressure (PWP) is determined at end expiration; however, 10% also indicated that they use the mean of inspiratory and expiratory PWP values, and 7% use the value determined by the computer as the final wedge measurement. A minority of respondents (37%) obtain a wedged saturation to help confirm an accurate PWP. Routine measurement of left ventricular end-diastolic pressure (LVEDP) is performed for a minority of patients, with 70% of respondents obtaining an LVEDP in less than 25% of patients. Only three centers reported measuring LVEDP in 75%-99% of patients.
Nearly two-thirds of centers (n ¼ 18) derive cardiac output (CO) using both thermodiluation and the Fick method; only 4 respondents (13%) use a measured maximal oxygen consumption for the Fick calculation. Nineteen respondents indicated they use a minimum pulmonary vascular resistance (PVR) cutoff as a consideration when starting PAH therapy: 17 of 19 use a cutoff PVR >3 Wood units, one uses a cutoff PVR >2.5 Wood units, and one uses a cutoff PVR >4 Wood units.
Vasodilator testing, exercise testing, and fluid challenge
Of the 24 physicians responding to questions regarding vasodilator testing, 38% report using acute vasodilator testing in less than 50% of patients with PAH, and 33% report using vasodilator testing in all or nearly all (>90%) of patients with PAH. Agents used for acute vasodilator challenge include inhaled nitric oxide (iNO; 87%), adenosine (7%), intravenous prostacyclin derivative (3%), or inhaled prostacyclin derivative (3%). For clinicians limiting use of vasodilator challenges to certain groups of patients, vasodilator challenges were commonly not performed for patients with scleroderma (30%), portopulmonary hypertension (33%), congenital heart disease (30%), human immunodeficiency virus infection (7%), and drug/toxin-associated PAH (3%).
Intravenous fluid challenge during hemodynamic assessment is uncommon ( Table 2) : 63% of respondents perform fluid challenge in less than 25% of patients with PAH, and 27% reported not performing fluid challenge during right heart catheterization for PAH. Exercise testing in patients without PH at baseline (mean pulmonary artery pressure [mPAP], <25 mmHg) is uncommon but used more frequently than fluid challenge ( Table 2) . There was no consensus on the definition for exercise-induced PAH, although the majority of centers (17 of 25) who perform exercise testing use an mPAP >30 mmHg. The remaining centers use other values: mPAP >35 mmHg, mPAP >40 mmHg, an mPAP cutoff that varied depend-ing on age, and a cutoff based on changes in other variables (CO, PVR, and PWP compared with baseline).
Assessing response to PAH treatment with RHC Table 3 shows the assessments routinely performed to evaluate the efficacy of PAH therapy. RHC is routinely performed by 67% of respondents and is more common than cardiopulmonary exercise testing (10%) and cardiac magnetic resonance imaging (MRI; 17%). Table 4 shows when clinicians repeat RHC assessment in PAH. RHC is performed within 1 year of starting therapy in 70% of centers and is repeated after changing or adding therapy in 60% of centers.
DISCUSSION
The results of this survey demonstrate differences in the diagnostic evaluation of PAH using RHC among clinicians at large PH centers in the United States. Although noninvasive methods evaluating the pulmonary vasculature and right ventricular function exist, invasive hemodynamic assessment by RHC is essential for the diagnosis of PAH. In addition, repeated hemodynamic assessment may be performed to assess disease progression or response to therapy, although no consensus recommendations exist regarding the frequency of follow-up measurements. Consistent and accurate measurement of pulmonary artery pressure, PWP, and/or LVEDP and derivation of PVR are critical for guiding treatment of PAH. Practice variability in RHC for assessment of PAH between centers can contribute to heterogeneity in the classification of PAH, which has implications for PAH registries and clinical trials.
RHC is performed before starting PAH therapy for the vast majority of patients, with all respondents indicating 1, 2 it is notable that one-third of respondents indicated that a small percentage of patients initiated PAH therapy without RHC. It is not known from this survey whether these patients initiated PAH therapy before presenting to a PH center, were too ill to undergo RHC, or there were other clinical factors that influenced the decision to begin PAH therapy without invasive hemodynamic assessment.
Accurate measurement of the PWP can be challenging, especially for patients with severe pulmonary disease or obesity, for whom large swings in intrathoracic pressure with respiration can lead to significant variation in values. In addition, inaccurate assessment of PWP due to "overwedging" or partial occlusion can lead to an overestimation of the true PWP, potentially misclassifying the cause of PH. 5, 6 The vast majority of physicians in our survey used end-expiratory values to determine PWP as suggested by consensus guidelines; 1,2 however, a minority of physicians reported also using the mean of inspiratory/expiratory PWP or an electronic mean PWP. Although most compared PWP with LVEDP when available, LVEDP was measured in less than 25% of patients with PAH at most centers. Strikingly, only half of physicians reported personally reviewing the RHC tracings.
Careful interpretation of hemodynamic waveforms is a critical practice in the evaluation of pulmonary vascular disease. 7 Interobserver variability in the interpretation of hemodynamic waveforms is common. Clinicians in this study relied primarily on PWP as an estimation of left ventricular filling pressure, a critical assessment for distinguishing PAH from WHO group 2 PH; however, numerous studies have highlighted the limitations of this approach. In a prospective analysis of 61 patients referred for evaluation of PH, Ryan et al. 8 showed that use of the digitized mean PWP resulted in misclassification of patients as having PAH. In their study, the digitized mean PWP was significantly lower than the PWP measured at end-expiration, and the end-expiration PWP was a more reliable surrogate for LVEDP. In a large cohort of patients with PH, Halpern and Taichman 9 have reported that PWP frequently underestimates LVEDP and that nearly half of patients classified as having PAH may be misclassified without simultaneous evaluation of LVEDP. The reliance on PWP, especially the electronic mean PWP, and lack of personal review of tracings may contribute to misclassification of PAH even by experienced clinicians. Even with careful review, any given PWP value need be considered in context with other clinical and physiologic variables to most accurately distinguish PAH from group 2 PH, a recommendation highlighted in the Nice guidelines. 2 The 2013 Nice classification does not include PVR in the definition for PH, 2 although PVR was included in the definition of PAH, which is consistent with other consensus statements. 1 Our results suggest that the ma-jority of PH practitioners at referral centers continue to use a PVR cutoff of >3 Wood units when considering PAH therapies. Although the PVR in most cases of PAH will be substantially higher than this cutoff value, there are some instances in which PAH may be present with normal or mildly elevated PVR (e.g., high-output states such as portopulmonary hypertension). 1 Determination of acute vasodilator response is an important part of the evaluation for PAH, because patients with PAH who have a positive response have improved long-term outcomes. [10] [11] [12] In accordance with consensus guidelines, 1,2 most respondents to this survey use iNO for acute vasodilator challenge. Over a third of physicians in this survey report using vasodilator testing in less than half of patients with PAH. In particular, patients with scleroderma, portopulmonary hypertension, and congenital heart disease often did not undergo vasodilator testing. The Nice guidelines 2 recommend vasodilator testing only for patients with IPAH, because vasodilator responders in other subgroups of PAH are uncommon. [13] [14] [15] [16] Although "responders" may be uncommon in these other groups, some studies suggest that acute vasodilator response may help with prognosis in congenital heart disease 17, 18 and portopulmonary hypertension. 16 One-third of respondents in this survey reported assessing vasodilator response in nearly all (>90%) of patients with PAH. It is unclear whether this practice will change with the recommendations from the Nice guidelines, which were not available at the time of this survey.
Current guidelines do not recommend routine use of exercise testing during RHC in the assessment of PAH. 1, 2 Although some centers perform exercise testing frequently, most centers surveyed use exercise testing in a minority of patients with PAH. We did not query clinicians about how they determine which patients receive exercise testing. Progression of exercise-induced PAH (mPAP >30 mmHg) to overt PAH has been reported only in patients with scleroderma, 19 indicating that this may be an important group in which to consider exercise testing if resting mPAP is not elevated. The lack of consensus regarding what constitutes exercise-induced PAH reflects the heterogeneity of criteria and protocols reported in the literature. 20 Fluid challenge during RHC to elicit latent pulmonary venous hypertension (PVH), discussed in a recent summary statement on group 2 PH, 21 is routinely performed in a minority of centers. However, there is increasing evidence that this simple test may be useful in identifying latent PVH, 22, 23 with over 20% of patients exhibiting an increase in PWP >15 mmHg after rapid infusion of 500 mL normal saline. 22, 24 Given that exercise testing and fluid challenge are not commonly performed at most PH centers, additional study of these maneuvers in patients with PAH and group 2 PH to define sensitivity and specificity is needed before firm consensus recommendations and widespread adoption of this practice should occur.
There are no current recommendations on the frequency of repeat hemodynamic assessment following treatment initiation in patients with PAH. PH specialists in this survey routinely measure invasive hemodynamics in patients with PAH between 6 and 12 months after initiation of PAH-specific therapy and after changes in treatment. This highlights the important role of followup RHC in patients with PAH even in an era with improving options for noninvasive evaluation of PH (e.g., brain natriuretic peptide testing, cardiac MRI, and echocardiography).
Responding physicians in this survey were experienced and represented PH centers with moderate-to-large cohorts of patients with PAH, with over half of the represented centers actively treating more than 250 patients with PAH therapies. The results of this survey may not apply to physicians at smaller centers or those outside the United States. Other limitations are the inclusion of partially completed questionnaires and potential for bias, because physicians knew they were being studied and may have adjusted their responses. Although the majority of surveys were fully completed, the inclusion of questions with less than a 100% response rate may lead to over-or underestimation of certain variables. Nonetheless, the survey offers important information on practice patterns by experienced PH physicians.
Conclusions. This survey highlights differences in the use of RHC by expert clinicians in the United States that may contribute to heterogeneity in the diagnosis and management of PAH. Standardization of RHC practices, including specialized testing such as exercise and fluid challenge, is an important consideration for future consensus guidelines and clinical trial groups.
